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Abstract – This study was designed to reveal any diﬀerences in eﬀects of fast created versus
total inbreeding on reproduction and body weights in mice. A line selected for large litter size
for 124 generations (H) and a control line (K) maintained without selection for the same num-
ber of generations were crossed (HK) and used as a basis for the experiment. Within the HK
cross, full sib, cousin or random mating were practised for two generations in order to create
new inbreeding (IBF) at a fast rate. In the ﬁrst generation of systematic mating, old inbreeding
was regenerated in addition to creation of new inbreeding from the mating design giving total
inbreeding (IBT). The number of pups born alive (NBA) and body weights of the animals were
then analysed by a model including both IBT and IBF.T h eI B T of the dam was in the present
study found to reduce the mean NBA with –0.48 (±0.22) (p < 0.05) pups per 10% increase in
the inbreeding coeﬃcient, while the additional eﬀect of IBF was –0.42 (±0.27). For the trait
NBA per female mated, the eﬀect of IBT was estimated to be –0.45 (±0.29) per 10% increase
in the inbreeding coeﬃcient and the eﬀect of IBF was –0.90 (± 0.37) (p < 0.05) pups. In the
present study, only small or non-signiﬁcant eﬀects of IBF of the dam could be found on sex-ratio
and body weights at three and six weeks of age in a population already adjusted for IBT.
fast inbreeding / mouse / litter size / body weight / inbreeding depression
1. INTRODUCTION
Inbreeding depression exists essentially in all populations and for almost
all characters [12]. Knowledge of the eﬀects of inbreeding on ﬁtness is there-
fore important for animal breeding and evolutionary and conservation biology.
There are several causes for inbreeding depression, but the most important
source seems to be recessive or partially recessive deleterious eﬀects of alle-
les [8]. The degree of inbreeding depression can be highly variable [3,20] and
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has by several authors been indicated to be due to the level of previous inbreed-
ing in the population [10,13,19]. Slow inbreeding can reduce the inbreeding
depression by removing lethal or detrimental alleles of large eﬀect from the
population. When the genetic load of an animal is exposed by inbreeding, nat-
ural selection may have an enhanced opportunity to purge deleterious alleles
from the population [27,31,32]. If slow inbreeding is conducted, natural selec-
tion has more time to act, and slow inbreeding should result in less inbreeding
depression because deleterious alleles may have been purged from the popu-
lation [9,21,22]. Populations, which have undergone inbreeding at a low rate,
should therefore possibly show less inbreeding depression compared to pop-
ulations that have been inbred at a high rate. The rate of inbreeding has been
found to aﬀect the inbreeding depression both in the houseﬂy [10] and the
Drosophila [1,11,27].
Even though earlier studies have indicated that earlier inbreeding in a popu-
lation aﬀects the inbreeding depression caused by new inbreeding, no conclu-
sive report has yet been given on the topic. The aim of the present study was
therefore to test any possible diﬀerences between the eﬀects of newly (mainly
fast) created inbreeding and total level of inbreeding on reproductive perfor-
mance and body weights in mice. The animals in the present study had its
origin in a high line (H) selected 124 generations on large ﬁrst parity litter
size and a control line (K) maintained without selection for the same number
of generations. Because of slowly accumulated inbreeding over many genera-
tions, the H and K lines are valuable resources for this study.
2. MATERIALS AND METHODS
2.1. Selection history
The mice used in the present study originated from two lines of mice that
had been maintained for 124 generations of selection. The high line (H) had
been selected on a large number of pups born alive (NBA), and the control
line (K) had been maintained with random selection in all generations. Selec-
tion was based on family information, with on average two females and two
males selected from the best 50 percent of the litters (randomly in the K line).
The selected parents were mated at random, but mating of full sibs, half sibs
and cousins were avoided. Litter size was standardised to eight pups within
24 h after birth when larger than eight in all lines, except for the period with
studies of maternal eﬀects in the high lines [30]. For further details of the se-
lection history, see Joakimsen and Baker [18] and Vangen [29,30].The eﬀect of fast versus total inbreeding 525
The population size in each line varied between 40–75 breeding females per
generation and inbreeding increased with between 0.3–1.2 percentage units per
generation. The H and K lines are linked through a common base population
(generation 0). A Dutch high line wasintroduced to the H line in generation 20,
and this together with two periods of randomisation caused the total level of
inbreeding in the H line to be lower compared to the K line. The K line was
kept as a closed line for all generations.
2.2. Animals
The animals in the present study were sampled from two generations
(124 and 125) to increase the number of animals in the study (Replicate 1
and 2). The mean NBA of the two generations was 23.1 (Standard deviation
(sdp) = 4.0) in the H line and 11.5 (sdp = 2.6) in the K line. The mean inbreed-
ing coeﬃcient of the two generations was 39% in line H and 65% in line K.
The mice were kept in cages of 30 × 12.5 × 12.5 cm3 and had free access to
pellet concentrate and water. The lights were on for 16 h and oﬀ for 8 h, and
the ambient temperature was standardised to 23 ◦C.
2.3. Experimental design
The design of the study is presented in Figure 1. The H and the K lines
were crossed to give an HK group where all animals had an equal level of
inbreeding close to zero, since the H and the K lines had been kept as separate
populations for 124 generations. Within the HK cross, fullsib (FS), cousin (C)
or random (R) mating was practised for two generations in order to create
new inbreeding at a mainly fast rate (IBF). By crossing the H and K lines and
then adopting the three mating schemes in the following generations, diﬀerent
levels of inbreeding would be represented within the same generation.
From generation 124 and 125 of the long-term selection study, 2–4 males
and 2–3 females were randomly sampled from each of 35 families in the H
and the K lines. The females from the H line were mated at random with males
from the K line and vice versa, in order to give a cross named HK in Repli-
cate 1 (Fig. 1). From the HK cross, 1–2 females and males were picked at
random from 100 random litters to give the parent pairs for the next genera-
tion. Since the line from which the dam originated (H or K) probably had an
inﬂuence on the performance of the oﬀspring, half of the litters from which526 M. Holt et al.
Figure 1. Experimental design of the study. The HK is the cross of the H and the
K line and was used to breed three groups of oﬀspring mated either my fullsib (FS),
cousin (C) or random (R) mating for two generations. The numbers of mated females
per group are given in brackets.
the oﬀspring were chosen had a dam from the H line and half of the litters had
a dam from the K line. The oﬀspring kept from the HK cross were equally
allocated to three new groups bred for two generations: An FS group bred with
full sib mating, a C group based on mating of cousins and an R group main-
tained with random mating but with mating of full sibs and cousins avoided
(Fig. 1). R then served mainly as a “control” measuring the inbreeding which
was re-established from the line history by random mating. Each line had about
54 breeding females per generation. From half of the litters born in the FS, C
and R groups, 2 males and 2 females were at random chosen to be parents
for the next generation. Both litters and oﬀspring within litters were chosen at
random, but about half of the litters had a grandmother from the H line and
the other half had a grandmother from the K line. Because of problems with
recruiting enough animals that were cousins in the C group, the number of
breeding females in the second generation of this group was reduced to 36
(Fig. 1). In Replicate 2, the numbers of breeding pairs in the HK cross were
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The number of breeding pairs in each group was about 57. As for Replicate 1,
the number of breeding females in the second generation of the C group was
reduced, due to problems with recruiting enough animals that were cousins in
this group. All animals were at least eight weeks old when mated.
2.3.1. Measured traits
Body weight at mating (BWM), NBA, number of pups born alive per mated
female (NBAM), sex ratio and three week weights (BW21) of the oﬀspring
were recorded on all animals in the study. As in all generations of the whole
selection experiment, BW21 were recorded as the average within each sex and
litter. Due to limitations in the number of boxes that could be kept in the mouse
laboratory, individual six week body weights (BW42) were recorded on only
half of the litters. The animals that were weighed at six weeks were chosen at
random. Only data from the two generations of systematic mating in the FS,
C and R group in each replicate were used for the analyses. The generations
analysed were generations 2 and 3 in Replicate 1 and 3 and 4 in Replicate 2.
In total, we had 1205 observations on NBA, 1209 records on BW21, and 1283
records on BW42.
2.4. Statistical analysis
In this study, both overall inbreeding (IBT)a n dI B F were included in the
model in order to reveal anydiﬀerences inthe eﬀects of fast created versus total
inbreeding. A complete pedigree covering 57433 individuals back to the base
population was available, so the exact inbreeding coeﬃcients of all animals in
the study could be estimated. The inbreeding coeﬃcients were estimated by a
programme written by John James, University of Sydney, Australia (J. James,
unpublished).
Data were analysed with an animal model, using ASReml [14]. Because
of a high correlation between body weights of the dam and NBA [15], two
diﬀerent models were evaluated for the traits NBA and NBAM: one excluding
(Model 1) and one including (Model 2) the body weight of the dam.
Y = µ + gen + IBT + IBF + dam + error (Model 1)528 M. Holt et al.
where
Y is the trait analysed: either NBA or NBAM,
µ is the general mean,
gen is the eﬀect of generation number of the inbreeding study
(generation 2–4),
IBT is the total inbreeding of the dam,
IBF is new inbreeding of the dam, caused by systematic mating,
dam is a random eﬀect of the dam, linked to a pedigree,
error is the residuals.
Model 2 was the same as Model 1 but also included BWM.
The eﬀects gen, IBT,I B F and BWM were considered as ﬁxed, whereas dam
was random. The eﬀects of IBT,I B F and BWM were treated as regression vari-
ables, while gen was treated as a class eﬀect. The eﬀect of the line from which
the dam originated (line H or line K) was tested in a preliminary model, but
was not signiﬁcant and was therefore excluded from the model. A confound-
ing between the inbreeding of the dam and inbreeding of the oﬀspring made
it impossible to include both. In order to distinguish maternal inbreeding from
inbreeding of the oﬀspring, a special mating scheme is needed (for an exam-
ple, see Margulis [24]). Since maternal inbreeding is expected to aﬀect litter
size most (and maternal qualities are the most sensitive characters to inbreed-
ing depression [12]), we chose to analyse the NBA, the NBAM and sex ratio
with the inbreeding of the dam as a ﬁxed eﬀect.
The eﬀect of BWM was included in Model 2, because there is a high re-
alised genetic correlation between body weight of the dam and NBA [15]. The
percentage of males born in the litter were analysed only by Model 2. For the
analysis of NBAM, all animals that were mated and did not produce a litter
were given a litter size value of zero.
The traits NBA and NBAM were also analysed by Model 1 and Model 2
with the eﬀect of IBF excluded from the models. The percentage of males in
the litter was analysed by Model 2 with the eﬀect of IBF excluded from the
model.
For the analysis of BW21 of the oﬀspring, the following model was used:
BW21 = µ + gen + sex + BWM + weaned + IBT + IBF + litter + error
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where
weaned is the weaned number of pups at weaning (day 21),
litter is a random eﬀect of the litter in which the animal is born, linked
to a pedigree.
The eﬀects weaned and sex were treated as ﬁxed eﬀects with weaned treated
as a regression variable and sex treated as a class variable. The other factors
are as described for Model 1 and Model 2.
The analysis of BW42 was performed with Model 3, except that the factor
weaned was found to be non-signiﬁcant and was excluded from the model.
For BW21 and BW42, the corresponding models with IBF of the dam ex-
cluded from the model were also analysed.
In order to test how the inbreeding of the dam aﬀected her own body weights
(BWM), the following model was analysed:
BWM = µ + gen + IBT + IBF + dam + error (Model 4)
3. RESULTS
Figure 2 gives the expected level of IBF of the oﬀspring in the two replicates
in the study. The diﬀerences between groups are a function of the three mating
designs: full sib (FS), cousin (C) and random (R) mating. The IBF created in
group R is caused by the limited population size.
Figure 3 presents the mean IBT of the oﬀspring in the study estimated from
a pedigree back to the base population. Since the H line and the K line have
not been linked for more than 120 generations, all oﬀspring from the HK cross
have an inbreeding coeﬃcient of almost zero. In group R, the level of the ex-
pected IBF is very low (Fig. 2), so almost all inbreeding in this group is caused
by regeneration of old inbreeding. The level of old inbreeding inﬂuences the
level of new inbreeding that is generated in the FS, C and R groups. Therefore,
the diﬀerence in inbreeding level between the FS group and the R group in
generation 126 in Figure 2 is smaller than the corresponding diﬀerence found
in Figure 3.
Table I gives the number of observations, means and standard deviations
for the reproductive performance and BWM (in grams) of the females used to
produce FS1–R1 and FS2–R2 (Fig. 1). The eﬀect of the replicate was non-
signiﬁcant, so the replicates are presented together. As can be seen from
Table I, there are diﬀerences between some of the groups of oﬀspring within
generations for the traits NBA and NBAM. There are no diﬀerences between530 M. Holt et al.
Figure 2. Expected new inbreeding of the oﬀspring in the diﬀerent groups in the
two Replicates of the study. Solid lines represent Replicate 1, dashed lines represent
Replicate 2.
Figure 3. Mean total inbreeding of the oﬀspring in the diﬀerent groups in the two
Replicates of the study, estimated from a pedigree back to the base population. Solid
lines represent Replicate 1, dashed lines represent Replicate 2.
FS1, C1 or R1 for the trait NBA, but there is a diﬀerence between the groups
for the trait NBAM as the FFM decreases. There is also a signiﬁcant lower
NBA in the FS2 groups and an even clearer trend for NBAM since NBA and
FFM seem to be eﬀected by the stronger inbreeding in this group.
The frequency fertile matings (FFM), estimated as the percentage of mated
females that produced a litter (litters with all pups stillborn were included),The eﬀect of fast versus total inbreeding 531
Table I. Mean number of pups born alive (NBA), NBA per mated female (NBAM),
frequency fertile matings (FFM), percentage males in the litter and body weight of
the dam at mating (BWM) in grams (g) with standard deviations (sdp) for the females
producing the diﬀerent groups of oﬀspring. The means include both Replicate 1 and
Replicate 2. N = number of females that produced a litter.
Parental Group FFM BWM
group oﬀspring N NBA sdp NBAM sdp (%) % males sdp (g) sdp
K K 160 12.3 2.7 11.5 3.9 94 49.4 15.4 31.6 2.7
H H 153 22.5 4.9 17.9 10.0 80 49.8 11.4 42.5 3.7
H and K
females HK 272 16.8 6.3 14.6 8.2 88 49.6 13.8 36.4 6,2
HK females FS 1 105 18.6a 2.8 17.6a 5.0 95 49.9a 10.8 36.5a 3.1
C1 109 18.7a 3.1 18.2ab 4.3 97 52.0a 9.8 35.7a 3.1
R1 109 19.1a 3.3 18.8b 3.8 99 51.9a 11.2 35.7a 3.1
FS 1 FS 2 104 16.0a 5.0 14.6a 6.6 92 49.4a 12.8 36.5a 3.0
C1 C2 80 17.8b 3.5 16.0a 6.3 94 48.4a 11.3 37.5b 3.0
R1 R2 113 17.9b 3.9 17.6b 4.6 98 52.9b 13.1 36.7ab 3.7
Diﬀerent superscripts indicate signiﬁcance at p < 0.05 between groups within generations.
ranged from 88% (HK) to 99% (R1), with a trend that the FFM was reduced
with an increased level of inbreeding for the FS1–R1 and FS2–R2 groups.
Few pups were stillborn, the mean percentage NBA at birth within each group
ranged from 97.2 (sdp = 9.07) to 98.4 (sdp = 5.91) (not presented in the table).
Table II gives the eﬀect of IBT and IBF of the dams on NBA (analysed
by both Model 1 and 2). As can be seen from the table, a large signiﬁcant
negative eﬀect of IBF of the dam on NBA was found when IBT was already
included in the model (Model 1). BWM was found to increase the mean num-
ber of pups born alive by 0.28 (±0.05) pups per 1 gram increase in the body
weight of the dam. Including the trait BWM in the model resulted in slightly
changed estimates, and a non-signiﬁcant negative eﬀect of IBF of the dam
(Model 2, Tab. II). When IBT was analysed separately in both models, the es-
timate was possibly larger compared to when both IBF and IBT were included
in the models.
Including all animals that were mated and did not produce a litter resulted in
a larger and signiﬁcantly negative eﬀect of IBF for both Model 1 and Model 2
(NBAM, Tab. II). Also, the estimates of IBF analysed separately were larger
compared to when females that did not produce a litter were excluded from
the analyses. No eﬀect of inbreeding on sex ratio could be found in the present
study.532 M. Holt et al.
Table II. Theregressioncoeﬃcientsofthe eﬀectoftotalinbreeding(IBT)andfast cre-
atedinbreeding(IBF)withstandarderrors(se)onthenumberofpupsbornalive(NBA)
and NBA per exposed female (NBAM) analysed without body weight (Model 1) and
with body weight (Model 2) in the model. The results are given as a change in the
mean NBA per 10% increase in the inbreeding coeﬃcient of the dam.
Model 1 Model 2
Estimate se Estimate se
NBA IBT –0.31 0.21 –0.48** 0.22
IBF –0.57** 0.28 –0.42 0.27
IBT only –0.63** 0.15 –0.72** 0.16
NBAM IBT –0.37 0.29 –0.45 0.29
IBF –0.95** 0.37 –0.90** 0.37
IBT only –0.91** 0.21 –0.97** 0.21
** Indicates signiﬁcance at p < 0.05.
The eﬀects of IBF and IBT on BW21 and BW42 are given in Table III
(Model 3). IBT of the dam has been found to have a small negative eﬀect
on BW21. No eﬀect of IBF on BW21 could be found. For the trait BW42, no
signiﬁcant eﬀect of IBF or IBT was found when both traits were included in the
model. The eﬀect of IBT was small but signiﬁcantly negative when only IBT
was included in the model. A model based on the inbreeding of the oﬀspring
instead of the inbreeding of the dam was also analysed for the trait BW42, but
the eﬀect of inbreeding of the oﬀspring was found to be non-signiﬁcant also
when only IBT was included in the model (results not presented). The BWM
of the dam was found to increase the BW21 and BW42 by 1.4 (±0.2) and
2.6 (±0.4) grams per 1 gram increase in BWM, respectively.
The IBT of the dam was found to reduce the BWM by 0.27 (±0.24) grams
and IBF was found to increase the BWM by 0.48 (±0.20) grams per 10% in-
crease in the inbreeding coeﬃcient.
4. DISCUSSION
This study was designed to evaluate the eﬀect of total versus fastly created
inbreeding on litter size and body weights. In the present study, the eﬀects of
fastly created inbreeding (IBF) of the dam were found to be almost twice as
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Table III. The eﬀect of total inbreeding (IBT) and fast created inbreeding (IBF)o n
body weights at three (BW21) and six (BW42) weeks of age with standard errors (se).
Theresultsare givenasa changeinthe meanbodyweight(in grams)per10%increase
in the inbreeding coeﬃcient.
Estimate se
BW21 IBT –0.38** 0.08
IBF –0.04 0.09
IBT only –0.35** 0.06
BW42 IBT –0.17 0.16
IBF –0.20 0.21
IBT only –0.29** 0.11
** Indicates signiﬁcance at p < 0.05.
Table IV. Inbreeding depression measured as a percentage of the initial litter size.
Reference Initial litter size Inbreeding Inbreeding
depression* depression* as a %
of initial litter size
Bowman and Falconer [4] 8 0.59 7.4
McCarthy [25] 9.2 0.46 5
Holt et al. [16] 16 0.9 5.6
The present study** 16.8 0.42 2.5
* Expressed as a decrease in litter size per 10% increase in the inbreeding depression.
** IBF, Model 2, Table II.
(except NBA analysed by Model 2), but large standard errors caused some of
the estimates to be non-signiﬁcant.
Several studies have concluded earlier that inbreeding has a negative eﬀect
on litter size [6, 11,20, 25], with one exception [2]. The estimated eﬀects of
IBT on NBA in the present study (IBT only, Tab. II) are slightly larger than the
estimates presented in previous studies (Tab. IV). From earlier generations in
line H and line K, estimates of the reduction in NBA per 10% increase in the
inbreeding coeﬃcient of the dam were found to be 0.86 (±0.19) in line H and
0.67 (±0.42) in line K [17]. These estimates are in the range of the estimates
found in the present study, but the results are not directly comparable because534 M. Holt et al.
the animals used in the present study are based on a cross of the H and the
K lines.
If the inbreeding depression in litter size aﬀects in biological terms the sur-
vival of a relative proportion of the potential litter, inbreeding depression could
be expressed as a percentage of the average litter size of a line without inbreed-
ing. This is done in Table IV. Based on the numbers presented in this study, the
new inbreeding would only reduce the litter size by 2.5% of the original litter
size. At that scale, our values, which seem at ﬁrst glance higher than those
from the literature, are actually lower, since our litter size was much larger.
This could support the hypothesis that after a process of slowly accumulated
inbreeding, the eﬀect of fast inbreeding seems to be smaller.
The HK cross in the present study is made of two lines with a high level of
inbreeding. The rate of inbreeding in the two lines has varied from 0.3–1.2 per
generation [17]. This variation in the rate of inbreeding is due to a variation
in the number of breeding females over the 120 generations. The reason for
the lower total level of inbreeding in the H line compared to the K line is an
introduction of some new animals to the H line in generation 20. Also, crossing
of several high lines increased the eﬀective population size in the H line.
Previous studies have indicated an eﬀect of the inbreeding history on the in-
breeding depression [13,19]. When the rate of inbreeding is low, natural selec-
tion has more time to act, and inbreeding depression should be lower compared
to when a higher rate of inbreeding is practised [11]. Also, if the population
size is small, natural selection has a greater chance to purge partially reces-
sive deleterious alleles from the population because mutant allele frequencies
may be reduced more eﬀectively by selection than in large randomly mating
populations [9]. In the HK cross in the present study, based on two lines kept
for 124 generations, many deleterious alleles might already have been purged
from the population. Fast inbreeding starting oﬀ from lines with low initial in-
breeding will therefore possibly show more depression due to new inbreeding.
The selection history of the lines in the present study could also probably lead
to a reduced inbreeding depression. The reason for this is that selection for
fertility probably is diﬀerent to another selection for a quantitative trait since
one selects presumably against inbreeding depression in ﬁtness.
In the present study, a very small decline in body weights caused by total
inbreeding was found for BW21, while no signiﬁcant eﬀect of newly created
inbreeding on the trait could be detected. The estimated eﬀects of new and
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body weight was reported by Bünger and Hill [5] and Beilharz [2], but was not
found by McCarthy [25] or Holt et al. [16]. The lack of an inbreeding eﬀect on
body weights may be associated with the fact that a reduction of litter size in
inbred mice leads to an improved environment for the young, which again may
cancel out the genetic eﬀect on body size due to inbreeding [28]. The reason
why maternal inbreeding was found to be more important than inbreeding of
the animal itself on body weights at six weeks of age might be that the maternal
inbreeding aﬀecting body weights at three weeks of age is also important for
BW42.
Estimates of inbreeding depression can be confounded with the unrelated
eﬀects of selection and drift in the experimental population [23]. Consecutive
generations of full-sib mating (as are often used in inbreeding studies) can be
especially problematic because of the parallel increase in the inbreeding level,
the eﬀect of genetic drift and the response to selection through generations in
the population studied. The complex breeding structure in the present study
produced a wide range of inbreeding levels within each generation. Also, be-
cause an animal model was used for the analyses, the eﬀect of generation could
be separated from the eﬀect of the inbreeding level and the eﬀect of selection.
The results in the present study have revealed a possible larger eﬀect of
newly created inbreeding compared to old inbreeding on the traits NBA and
NBAM. These results demonstrate the importance of separating the eﬀects
of ancestral inbreeding from the eﬀects of newly created inbreeding. The re-
sult that new inbreeding gives more depression than old inbreeding has some
important implications: 1) The rate of inbreeding seems more important for
inbreeding depression and for ﬁtness than actual levels of inbreeding (since a
high rate of inbreeding implies a lot of new inbreeding, whereas high levels
of inbreeding may be due to a lot of old inbreeding, implying not so much
inbreeding depression); 2) Avoidance of matings between close relatives may
resolve most of the inbreeding depression / ﬁtness problems; 3) A detailed
study of the relationship between the “age of inbreeding” and the depression
may reveal how much new inbreeding is acceptable and thus what rates of
inbreeding are acceptable in a population.
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